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5. FUNCTIONAL ELECTRICAL AND ELECTRONIC MATERIALS AND DEVICES   
     
 
 
 We report on the low-field electron mobility in bulk wurtzite InN at room 
temperature and over a wide range of carrier concentration calculated by the ensemble 
Monte Carlo (MC) method. All relevant phonon scatterings are included in the MC 
simulation. The scattering with ionized impurities is considered in the basic Brooks-
Herring and Conwell-Weisskopf formulations. For the steady-state transport, the drift 
velocity attains a peak value of ~5x107 cm/s at an electric field strength of 32 kV/cm. The 
highest calculated low-field mobility for undoped InN amounts to ~14000 cm2/Vs at room 
temperature. We compare our theoretically calculated low-field mobilities with 
experimental data available in the literature and obtain a quite satisfactory agreement. 
Finally, an empirical low-field mobility model based on the MC simulation results and 
experimental mobility data is presented. 
 
 
During the past few years, InN has attracted considerable attention. Recent 
progress in InN epitaxial growth has led to monocrystalline wurtzite InN with improved 
quality, low free electron concentrations, and high mobilities. In particular, the free 
electron concentration in InN layers grown by molecular beam epitaxy has been reduced 
to the order of 1017 cm-3 and electron low-field mobilities above 2000 cm2/Vs have been 
measured.1-3 Meanwhile, the best reported mobilities2 of 3500 cm2/Vs (at room 
temperature) for samples with electron concentrations between 6×1016 and 1017 cm-3 
have reached recent theoretical estimates for the maximum mobility in InN.4,5   
These experimental results together with the theoretical predictions of the high 
electron peak drift velocity6-9 make InN a promising material for high-speed electron 
devices. There are already first efforts to develop InN high electron mobility 
transistors.10,11 To estimate the potential of InN-based high-speed devices, the maximum 
mobility that can be expected for high quality, low-doped or undoped InN layers is of 
great importance.  
For a long time, a band gap of around 2 eV has been assumed for wurtzite InN. 
However, recent experimental and theoretical investigations have provided convincing 
evidence that the band gap of InN is actually about 0.7 eV.12-15 Consequently, previous 
Monte Carlo simulations of electron transport in InN6-8 appear to be questionable as they 
were based on the conduction band structure contradicting to the recent experimental 
data.12,13 So far, only one Monte Carlo study using a band structure with the correct 
band gap9 has been published. In this work we apply the ensemble Monte Carlo method 
to investigate the electron transport in bulk wurtzite InN based on the refined band 
structure. The main emphasis is given to the low-field mobility calculation. The 
calculated results are compared to recent measured mobility data available in the 
literature. Also, an empirical model of the room temperature low-field mobility for bulk 
InN as a function of the carrier concentration is presented. 
In the present work, a multi-valley approximation to the band structure accounting 
for the three lowest conduction band minima (Γ1, Γ3 and M-L) has been employed. 
Parameters such as effective masses m*, nonparabolicity factors α for the valleys and 
valley separation energies have been extracted from the conduction band structure 
recently calculated by the empirical pseudopotential method.15 As follows from the 
analysis of the band structure,15 electrons can gain a maximum group velocity in the 
central valley as high as 1.24x108 cm/s. This value is a saturation level that is already 
attained for electron energies of about 1.0 eV. In our band model the satellite valleys Γ3 
and M-L  are assumed to be parabolic (i.e., α = 0.0), while the main Γ1 valley is taken to 
be nonparabolic. The Γ1 valley can be well fitted by 
2 2
* (1 )2
k
m
ε α ε= +=  (1) 
to evaluate the conduction band edge effective mass 
1
*
00.04m m=Γ × 0 (m  is the rest 
electron mass) and the nonparabolicity factor 
1
1.43αΓ = eV-1 of the valley. It will be shown 
later that the satellite valleys do not affect the low-field mobility calculation since no 
intervalley transfer occurs at low electric fields E. Consequently, the low-field mobility is 
attributed solely to transport of Γ1 valley electrons. Table I presents the parameters of 
the three-valley model of the wurtzite InN band structure applied in this work. 
 
 
Table I. Spherically symmetric nonparabolic three-valley model of the conduction 
band structure of wurtzite InN used in the MC simulation.  
 
Conduction band valley Γ1 Γ3 M-L 
Number of equivalent valleys 1 1 6 
Intervalley energy separation (eV) 0.0 1.775 2.709 
Effective mass ( * 0m m ) 0.04 0.25 1.00 
Nonparabolicity factor (eV-1) 1.43 0.0 0.0 
 
 
 The low-field mobility has been calculated by the simple relation 0 /driftv Eμ =  
taken in the linear region of the simulated  curves. As the electric fields used for 
the calculation of 
( )driftv E
0μ  are quite low, a long simulation time simT = 15 ps and a large 
number of simulated electrons 20000simN =  have been taken to enhance the statistics of 
the Monte Carlo calculation of steady-state drift velocity. The interaction of electrons with 
ionized impurities is taken into account by using the basic Brooks-Herring16 and Conwell-
Weisskopf17 approaches. Both models are based on the Born and two-body Coulomb 
interaction approximations, having therefore severe drawbacks to correctly describe 
electron-ionized impurity scattering over a wide range of impurity concentrations. There 
is a vast number of attempts to more rigorously investigate electron-impurity interactions 
(see, e.g., the review by Chattopadhyay and Queisser18), but this issue is beyond the 
scope of the present study. We also consider InN to be uncompensated and all donors 
to be ionized at room temperature, thus providing that the ionized impurity concentration 
is equal to the doping level. Other relevant scattering mechanisms, such as intravalley 
acoustic phonon, polar optical phonon, and intervalley optical phonon scatterings have 
been included in the simulation. Table II summarizes the material parameters of wurtzite 
InN used in the MC simulation. 
 
 
Table II. Material parameters of wurtzite InN used in the MC simulation. 
 
Parameter Value 
Mass density (g/cm3) 6.81 
Sound velocity (105 cm/s) 3.78 
Low-frequency dielectric constant 15.3 
High-frequency dielectric constant 8.4 
Acoustic deformation potential (eV) 7.1 
Polar optical phonon energy (eV) 0.073 
Intervalley deformation potential (109 eV/cm) 1.0 
Intervalley optical phonon energy (eV) 0.073 
 
 
 Figure 1 illustrates the steady-state electron drift velocity in InN calculated as a 
function of the applied electric field. For comparison, the results for wurtzite GaN are 
also shown. Remarkable is the higher peak velocity of 5.3x107 cm/s reached in InN. In 
addition, we indicate that the onset of the pronounced negative differential mobility 
(NDM) region occurs at the substantially lower electric field E=32 kV/cm compared to 
GaN. As clearly observed in Fig. 2, the onset of the NDM is not pinned to the electron 
intervalley transfer.   
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Fig. 1. Calculated steady-state drift velocity as a 
function of electric field strength for wurtzite InN 
and GaN (at room temperature). Peak velocities of 
5.3×107 and 3.0×107 cm/s are estimated for InN 
and GaN, respectively. Ionized impurity 
concentration is equal to 1017 cm-3. 
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Fig. 2. Occupancy of the central (Γ1) and satellite 
(Γ3, M-L) valleys as a function of electric field 
strength E. The intervalley transfer to the satellite 
valleys starts at E=50 kV/cm, whereas the peak 
velocity (onset of the NDM) is attained at E=32 
kV/cm.     
  
 Such behavior is different compared to semiconductors, like GaAs, where the 
NDM is mainly caused by intervalley transfer. In InN the peak velocity is attained at an 
electric field where all electrons still reside in the central Γ1 valley. Even at E=50 kV/cm, 
when the drift velocity has already dropped to about 85% of the peak value, only less 
than 2% of electrons are transferred to the first upper valley. Accordingly, the NDM effect 
in InN can be attributed to the strong nonparabolicity of the Γ1 valley, at least, for electric 
fields when the satellite valleys are not much populated. It should be noted that at higher 
electric fields the intervalley transfer as an additional mechanism starts increasingly to 
contribute to the NDM effect. A similar behavior has been reported for electron transport 
in GaN.19 Since the low-field mobility is entirely governed by transport of Γ1 valley 
electrons, the MC simulation of  0μ  is not sensitive to the parameters of the satellite 
valleys. In Fig. 3 the calculated low-field mobility 0μ  is shown as a function of ionized 
impurity concentration n together with the experimental data collected from the literature. 
It should be noted that the calculated values are drift mobilities whereas the 
experimental ones are Hall mobilities. We observe that the mobilities calculated using 
the Brooks-Herring and Conwell-Weisskopf models are very close for low impurity 
concentrations but considerably differ above 5×1016 cm-3.  Notably, the experimental 
mobility data are well “captured” by the two simulated curves. 
 In semiconductor device simulation, empirical mobility models are widely used. A 
very popular model describing the dependence of the low-field mobility on the carrier 
density (i.e., on the impurity concentration) is based on an expression proposed by 
Caughey and Thomas20
( )max min0 min 1 / refn n β
μ μμ μ −= + +  (2) 
where minμ , maxμ ,  and β are fitting parameters. The parameter refn maxμ represents the 
mobility of undoped samples where lattice scattering is the main scattering mechanism, 
while minμ  is the mobility in highly doped material where impurity scattering is dominant. 
The parameter β is a measure of how quickly the mobility changes from minμ to maxμ and 
is the carrier concentration at which the mobility is half way between refn minμ  and maxμ .  
Because of the scattering of experimental mobility data and also due to the lack of the 
data for low carrier concentrations we did not actually try to get a best numerical fit by 
the least-squares method.  
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Fig. 3. Calculated low-field electron mobility in wurtzite InN at room temperature: the Brooks-Herring 
(rectangles) and Conwell-Weisskopf (diamonds) models of ionized impurity scattering. The experimental 
data (circles) and the empirical model (thick solid line) given by Eq. (2) are also plotted. 
We rather attempted to find a reasonable compromise between fitting results, the MC 
mobility predictions and the tendencies observed for the experimental data. Figure 3 
presents the mobility (thick solid line) modeled by eq. (2) using the following values of 
the fitting parameters: minμ = 1030 cm2/Vs, maxμ = 14150 cm2/Vs, = 2.07×10refn 16 cm-3, 
β = 0.6959.   
 As shown in Fig. 3, the predicted maximum room-temperature low-field electron 
mobility in InN is about 14000 cm2/Vs. This value is considerably above the estimated 
upper limits of 4000 and 4400 cm2/Vs reported in Refs. 5 and 4, respectively. On the 
other hand, we consider the high mobilities calculated in the present work to be 
reasonable because of the following. The effective mass m* of In0.53Ga0.47As is 0.041×m0 
21 and high low-field electron mobilities between 10000 and 15000 cm2/Vs have been 
measured in this material (see, e.g., Ref. 22). Bearing in mind that m* is inversely 
proportional to 0μ  and that an effective electron mass for InN between 0.04×m0 and 
0.05×m0 (note the value of 0.04×m0 used by us) has been recently established,23-25 the 
mobilities predicted in this work seem to be realistic. 
 In summary, electron transport in wurtzite bulk InN at room temperature has been 
simulated by the ensemble Monte Carlo method. The NDM onset at 32 kV/cm is rather 
associated with a nonparabolicity of the central Γ1 valley than with the intervalley 
transfer. For low doped, uncompensated, dislocation-free material a maximum low-field 
electron mobility of 14000 cm2/Vs has been predicted. The high low-field mobility 
together with the calculated peak velocity of ~5×107 cm/s make InN a very promising 
material for high-speed electron devices.  
 The authors would like to acknowledge D. Fritsch and H. Schmidt for providing 
the theoretically calculated band structure results of wurtzite InN. 
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